Abstract: This study was conducted to test five phenolic and cyanogenic glycoside compounds for growth regulating activity on the germination and seedling growth of Portulaca oleracea L., Amaranthus retroflexus L., and Lactuca sativa L. at different concentrations. Overall, the tested compounds revealed growth-regulating activity in species-specific and concentration dependent manner. The most powerful effects were much pronounced on seedling growth rather than on germination. In fact, the compounds 1 (amygdalin) and 2 (salicylic acid) were the most phytotoxic on root growth of P. oleracea, and they caused, respectively, an inhibition of 55% and 85% at 10 -6 M and 10 -4 M. On the other hand, the lettuce seedling growth was more sensitive than weeds growth to the compounds 4 (3,4,5-trihydroxybenzoic acid) and 5 (7-hydroxycoumarin), which exhibited a moderate inhibition at the highest concentration. This selectivity and specificity of these active allelopathic compounds could be very useful for the development of new application of natural substances to control the aggressive weeds. Thus, our findings suggest that the integration of these compounds may maintain irrigation system and reduce the massive use of agrochemicals in agro-ecosystems.
Introduction
In the recent years, the incessant application of agrochemicals for weed management may cause resistant weeds to the applied chemicals, and could lead to a severe threat to the environment and a major cause of soil pollution. Worldwide, it is expected that weeds are responsible for a loss of crop production of about 34% (Jabran et al., 2015) , even when the crops are intensively controlled. Amaranthus retroflexus L. and Portulaca oleracea L. are the most aggressive weeds affecting several crops production all over the world. A. retroflexus is broadly disseminated in 70 tropical and subtropical countries (Costea et al., 2004) , and could lead to crop yield reductions of nearly 45% (Bensch et al., 2003) . In addition, P. oleracea L. is it may cause serious losses of crop production, estimated in approximately 50% (Zauzah et al., 2016) . These serious issues have become a main challenge for many agricultural producers. Yet, it remains difficult to develop generalized models to control aggressive weeds distribution. Researchers are looking for alternative strategies to manage weeds in field crops (Jamil et al., 2009 ). Allelopathy could be one of these alternatives: it is a complex interaction among plants including stimulatory as well as inhibihttp://dx.doi.org/10.12775/EQ.2018.020 tory influence (Rice, 1984) through biochemicals released into the environment. The allelochemicals are released in the soil from different plant parts through volatilization, root exudation, leaching and decomposition of plant residues. Therefore, considerable efforts have been dedicated to study the significant effect of several allelochemicals isolated from different Mediterranean plants, and their ability to control weeds in a sustainable manner (DellaGreca et al., 2003; DellaGreca et al., 2007; Fiorentino et al., 2007; Zarrelli et al., 2014) . The active allelopathic compounds belong to different categories of secondary compounds such as phenols, benzoic and cinnamic acid derivatives, flavonoids, tannins, coumarins, terpenoids, alkaloids and polyacetylenes (Duke et al., 2000) . Until 1988, it was estimated there were about 400,000 secondary metabolites (Einhelling et al., 1988) . However, only 3% has been identified, and some of their herbicidal allelochemicals have been identified (Vyvyan, 2002) . This spectrum of allelochemicals makes them promising tools possessing specific properties for discovering novel and specific target sites in acceptor plants (Soltys et al., 2013) . Once these substances are identified and characterized, they may be exploited as natural herbicides or to differentiate new eco-friendly herbicides (Zarrelli et al., 2014; DellaGreca et al., 2002; Ladhari et al., 2013; Ladhari et al., 2014) . However, the mode of action of some allelochemicals is poorly studied in comparison to synthetic herbicides. In fact, the allelopathic compounds influence germination and growth of neighboring plants by disturbance of the physiological processes (Soltys et al., 2013) ; they may also bind to proteins at different sites than those in which synthetic herbicides are bound. Most of allelochemicals are totally or partially water-soluble which makes them easier to apply without additional surfactants (Dayan et al., 2009) . Despite this progressive research, the herbicidal activity of some allelochemicals and their specific effect towards aggressive weeds remain enigmatic and still not well characterized. Thus, the aim of the present study was to evaluate the effects at different concentration of phenolic and cyanogenic glycoside compounds for growth regulating activity on the germination and seedling growth of the following aggressive weeds: P. oleracea L. (purslane) and A. retroflexus L. (pigweed), and of L. sativa L. (lettuce) (Cutillo et al., 2004; DellaGreca et al., 2004) .
Materials and methods

Target species and tested compounds
An experiment was conducted in the growth chamber under controlled conditions. The aggressive weeds purslane and pigweed were selected because of their harmful effects in many crops worldwide, while lettuce was considered as a sensitive species to allelochemicals. The tested compounds were: amygdalin (1), salicylic acid (2), o-carboxybenzoic acid (3), 3,4,5-trihydroxybenzoic acid (4), 7-hydroxycoumarin (5), and 4-hydroxycoumarin (6) ( Figure 1 ). These natural compounds were previously isolated from different Mediterranean plants among different chromatographic techniques and identified by NMR (DellaGreca et al., 2003; D'Abrosca et al., 2005; Cutillo et al., 2006) . The phenolic compound p-hydroxybenzoic acid (C 7 H 6 O 3 ) (pHBA) was selected as a positive control for the present study, because its phytotoxicity has been previously described.
Phytotoxic bioassays
The target species of purslane, pigweed and lettuce were surface sterilized with 0.525 g L -1 sodium hypochlorite for 15 min, then rinsed four times with deionized water, imbibed for 2 h at 22°C and carefully blotted using a folded paper towel. The seeds were selected for uniformity and the undersized or damaged seeds were discarded. For the assays, Petri dishes of 5 cm diameter with one sheet of filter paper (Whatman No. 1) as support were used. Test solutions (10 -4 M) were prepared using 10 mM MES buffer (=2-(N-morpholino) ethanesulfonic acid, pH 6). All tested compounds were dissolved in a ratio of 5:1 DMSO and buffer ( l mL -1 ), and four different concentrations were prepared at 10 , and 10 -7 M. The dissolved ratio of buffer and DMSO was considered as the negative control, and p-hydroxybenzoic acid (pHBA) as a positive control. The experiments were conducted in aqueous solution at controlled pH. After the addition of 25 seeds and 2.5 mL of test solution, the Petri dishes were sealed with Parafilm ® to ensure closed system models. The Petri plates were then placed in a growth chamber with 400 μmol photons m -2 s -1 photosynthetically active radiation (PAR) at 24/22°C for 14/10 h light and dark periods, respectively. Treatments were arranged in a completely randomized design with three replications. The percentage of germination, shoot and root length of target species were determined daily over 5 days for the seedlings of purslane and pigweed, and 10 days for lettuce. Cumulative germination was determined by counting the number of germinated seeds at 24 h and transformed into germination percentage. Data were transformed to percent of control for analysis. The index of germination GI was determined using the following formula (Chiapuso et al., 1997) :
Where, N 1 , N 2 , N 3 , …., N n represent the proportion of germinated seeds observed afterwards 1, 2, 3,…., n-1, n days. This index shows the delay in germination induced by the extract (Delabays et al., 1998) . The inhibitory or stimulatory percent was calculated using the following equation given by Chung et al. (2001):
where control is the parameter measured in presence of distilled water instead of the tested compound.
Statistical analysis
The experiment was conducted in a complete randomized design with three replications and a t-test was performed to evaluate the effects of compounds in comparison with control values. ANOVA and post hoc LSD tests were performed with PASW Statistics 18, for Windows program, to analyze treatment differences. The means were separated on the basis of least significant differences at the 0.05 probability level.
Results and discussions
The germination of target species was not significantly affected by the tested compounds at different concentrations (Figure 2 ). The range of germination values (%) had a lower bound for all the tested concentrations, however, no trend was found between germination and increasing levels of compounds. It is remarkable that the pHBA possesses an inhibitor effect on the germination for all the target species compared to the tested compounds. The maximum of inhibition (of 21%) was induced by the compound 5 on the germination of the pigweed at the highest concentration (Figure 2a ). This phytotoxic effect was recorded by the compounds 1 and 3 to which the target species revealed an average inhibition of 15% at the highest concentration. However, a slight stimulation of 2% was recorded by the compound 6 at 10 -4 M. A similar stimulation effect was observed by the compounds 2 and 4 at different concentrations.
The germination of lettuce was slightly affected by the compounds 3, 4, 5, and 6, which induced an average inhibition of 8% (Figure 2b ). On the contrary, the lettuce germination was stimulated by the compounds 1 and 2 no more than 7%. The germination of purslane was slightly inhibited (4%) by the compound 1, which was then slightly stimulated (6%) by the other tested compounds (Figure 2c) . These results are in accordance with Ladhari et al. (2013) who confirmed that some phenolic compounds induce inhibition on the germination of lettuce and some weed species. The phenolic compounds have been regarded as natural inhibitors of germination (Rice, 1984) . Generally, allelochemicals could inhibit specific metabolic pathways and may suppress germination through their effect on respiration. This sensitivity could be explained by the selective permeability of seed coats (Wierzbicka & and its environment.
The results of the phytotoxicity assays were briefly summarized in Table 1 . Overall, our results showed that the seedling growth was more sensitive to the tested compounds than germination. The shoot length was significantly affected by the tested compounds depending on the target species and applied concentrations ( Figure 3 ). The compounds 4 and 6 seem to enhance the shoot growth of pigweed with the maximum of stimulation of 15% and 30%, respectively, at 10 -4 M, and no more than 10% at 10 -7 M (Figure 3a) . The shoot growth of lettuce was the most sensitive to the tested compounds (Figure 3b) . Generally, all the tested compounds revealed a significant phytotoxic effect on lettuce seedling growth and the highest inhibition (of 60%) was induced by the compound 4 at the highest concentration. Whereas, the compounds 1 and 2 exhibited a significant stimulation of 40% and 120% at the 10 -4 M, respectively (Figure 3b ). On the other hand, the purslane shoot length was moderately inhibited by the compound 1 at the highest and lowest concentrations (Figure 3c ). Similar effect was revealed also by the compound 5 at the 10 -7 M, but a moderate stimulation of 50% was observed at 10 -5 M. In addition, the inhibitory effects was much pronounced on roots rather than on shoots, and roots were considered the main target tissue to the phytotoxic substances. The root growth of the target species was significantly affected by the tested compounds at different concentrations (Figure 4) . The phytotoxic effect was markedly induced by the compounds 3, 5 and 6 with an average inhibition of 40% on the root length of pigweed at 10 -4 M (Figure 4a ). Similarly, lettuce root length was markedly inhibited (60%) by compound 4 at the highest concentration, but insignificant inhibition (less than 10%) was induced by the compound 6 (Figure 4b) .
On the other side, significant stimulation of 110% was exhibited by the compound 2 on lettuce root length at the 10 -4 M. The compounds 1 and 2 were the most active on the root growth of purslane; they induced an inhibition of 60 and 75%, respectively, at the highest concentration (Figure 4c) . In addition, these compounds induced a respective inhibition of 35% and 15% on root length of pigweed at the highest concentration. However, the compounds 3 and 5 revealed a considerable stimulation of 90% and 110%, respectively, at 10 -6 and 10 -5 M (Figure 4c ). This result was supported by the study of Meksawat and Pornprom (2010) who reported that root length has a high sensitivity to allelochemicals. The inhibitory effect of the accumulated compounds in root growth was explained by the hindered arrangement of the microtubule during cell division (Singh et al., 2002) or by expansion of the shoot and root cells (Zimdahl, 1999) .
In our findings, the allelopathic potential is speciesspecific and depends on the concentrations of the applied compounds. We found that A. retroflexus was less sensitive to the tested compounds compared to the other target species of L. sativa and P. oleracea. The compounds 4 (3,4,5-trihydroxybenzoic acid), 5 (7-hydroxycoumarin) and 6 (4-hydroxycoumarin) induced a significant stimulation on the root growth of P. oleracea compared to the shoot growth. However, these compounds induced a significant inhibition on lettuce roots and shoots growth with slight inhibition on germination. The pattern of stimulation at different concentrations was in order 5>4>6 while the inhibition effect was much pronounced by 4 and 5 compared to the compound 6. Similar results were observed by Pan et al. (2015) who revealed that the 7-hydroxycoumarin (compound 5) had significant inhibition on seedling growth of purslane and lettuce, more than 4-hydroxycoumarin (compound 6). This phytotoxic effect could be explained by the 
Root length varied structure of coumarins that depends on the numbers and positions of hydroxyl groups. In fact, the C7 hydroxyl groups in 7-hydroxycoumarin (compound 5) was important for increasing the activity of coumarin (Pan et al., 2015) . According to Pergo et al. (2008) , the coumarin is a species-specific and concentration-dependent, with a stimulatory and inhibitory effects at low and high concentrations, respectively (Abenavoli et al., 2006) . Generally, coumarin is widely dispersed in plant and can influence several physiological and biochemical processes of germination (Pergo et al., 2008) , respiration, root growth, nitrate uptake and metabolism (Abenavoli et al., 2003) , and photosynthesis (Moreland & Novitzky, 1987) . Jansson and Svensson (1980) reported that coumarins could exert an auxin-like activity to regulate the growth of plants.
by inhibiting cellular respiration process, but 7-hydroxycoumarin did not reduce the rate of respiration. Despite the inhibitory effect of 7-hydroxycoumarin, the stimulatory effect has not been observed previously and its mode of action still remains enigmatic. Its stimulatory action could be explained by the important role on the development of plant, not only defense. Earlier investigations indicated that coumarin changed root cell polarity of growth, causing an inhibition of longitudinal root cell elongation accompanied by a simultaneous stimulation of radial expansion (Avers & Goodwin, 1956; Svensson, 1971) . This knowledge may be more useful for a better understanding of the mode of action of 7-hydroxycoumarin. On the other hand, the compounds 1 (amygdalin) and 2 (salicylic acid) induced a significant stimulation on root and shoot growth of lettuce, while the purslane was inhibited by these comet al. (2011) , salicylic acid induced a stimulation effect on shoot and roots of maize under stress condition. However, effects of salicylic acid revealed an inhibitory effect on seed germination, seedling growth, of four cowpea (Vigna unguiculata) genotypes (Chandra et al., 2007) . Hence, this interference indicates that salicylic acid caused a water stress (Barkosky & Einhellig, 1993) .
Conclusion
In conclusion, the knowledge on selectivity and specificity of the tested compounds could be very useful for the development of new application of natural compounds to control aggressive weeds. The outcomes of this study can be useful to understand the mode of action of the tested natural compounds, permitting the development of new strategies reducing the massive use of agrochemicals in agro-ecosystems.
